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ABSTRACT
Using 3D hydrodynamic calculations we simulate formation of molecular clouds in the Galaxy.
The simulations take into account molecular hydrogen chemical kinetics, cooling and heating
processes. Comprehensive gravitational potential accounts for contributions from the stellar
bulge, two- and four-armed spiral structure, stellar disc, dark halo and takes into account
self-gravitation of the gaseous component. Gas clouds in our model form in the spiral arms
due to shear and wiggle instabilities and turn into molecular clouds after t  100 Myr. At the
times t ∼ 100–300 Myr the clouds form hierarchical structures and agglomerations with the
sizes of 100 pc and greater. We analyse physical properties of the simulated clouds and find
that synthetic statistical distributions like mass spectrum, ‘mass–size’ relation and velocity
dispersion are close to those observed in the Galaxy. The synthetic l–v (galactic longitude–
radial velocity) diagram of the simulated molecular gas distribution resembles observed one
and displays a structure with appearance similar to molecular ring of the Galaxy. Existence of
this structure in our modelling can be explained by superposition of emission from the galactic
bar and the spiral arms at ∼3–4 kpc.
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1 IN T RO D U C T I O N
Molecular clouds represent one of the major constituents of our
galaxy (Dame, Hartmann & Thaddeus 2001). Their masses and
sizes vary in a wide range (e.g. Solomon et al. 1987). Molecular
clouds play very important role in determination of the structure and
evolution of the Galaxy. This can be illustrated by the fact that the
stars and their clusters originate from molecular clouds (Shu, Adams
& Lizano 1987; Lada & Lada 2003; McKee & Ostriker 2007). The
dynamical time of disintegration for molecular clouds in the Milky
Way is much shorter than the rotation period of the galaxy (e.g. Blitz
& Shu 1980). So, explanation of the observational fact of existence
of the rich population of molecular clouds requires involvement of
efficient mechanisms leading to formation of molecular clouds in the
Galaxy. Special interest is paid to formation of the giant molecular
clouds (GMCs) which have masses 106 M (Dame et al. 1986).
Two main theories of the GMCs formation were proposed. The first
one explains formation of the GMCs by large-scale magnetic and/or
gravitational instabilities (Elmegreen 1979, 1994; Balbus & Cowie
1985; Chou et al. 2000; Kim & Ostriker 2006). In the second one the
GMCs are built up by coalescence of the smaller molecular clouds
(Field & Saslaw 1965; Levinson & Roberts 1981; Tomisaka 1984;
E-mail: khoperskov@inasan.ru
Kwan & Valdes 1987; Roberts & Stewart 1987) or interaction of
the turbulent flows (e.g. Ballesteros-Paredes et al. 2007). In reality
both types of processes are expected to play significant role (Zhang
& Song 1999; Dobbs 2008).
Large-scale perturbations in a gas of the Galactic disc can be
generated not only by magnetic fields or self-gravity but also by the
galactic spiral shock wave (Roberts 1969; Nelson & Matsuda 1977).
A simple analysis of the global galactic shock wave shows that such
shocks are unstable (Mishurov & Suchkov 1975). Obviously, large-
scale shear flows in the Galactic shocks lead to the development of
both wiggle and Kelvin–Helmholz instabilities (Wada 2001; Wada
& Koda 2004). Such hydrodynamic instabilities are expected to
give a birth to spurs, gaseous fragments and turbulent flows (Wada
1994; Wada, Spaans & Kim 2000; Dobbs & Bonnel 2006; Shetty &
Ostriker 2006; Khoperskov et al. 2011). The gravitational and ther-
mal (in general, thermochemical) instabilities are expected to de-
velop further fragmentation that leads to formation of the population
of molecular clouds.
The properties of molecular clouds (mass, size, density, temper-
ature etc.) are intensively studied both observationally (Solomon
et al. 1987; Falgarone, Puget & Perault 1992; Lada et al. 2008;
Heyer et al. 2009; Rathborne et al. 2009; Kauffmann et al.
2010; Roma´n-Zu´n˜iga et al. 2010) and numerically (Dobbs, Bon-
nell & Pringle 2006; Dobbs & Bonnell 2007a,b; Tasker & Tan
2009; Glover & Mac Low 2011). Efforts in order to understand
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dependencies between physical parameters of the clouds lead to
establishment of several empirical relationships for the properties
of molecular clouds (Larson 1981). In particular, the mass–size re-
lation reflects the hierarchical spatial structure of clouds (Beaumont
et al. 2012). Molecular clouds can agglomerate in small groups and
chains, thus reflecting processes of the cloud formation: disintegra-
tion into smaller clumps or combining into bigger clouds. Because
of the origin of the clouds from the large-scale perturbations in the
galactic disc molecular clouds can trace the large-scale structures,
e.g. spiral arms and the bar (e.g. Wada & Koda 2004). Several
observational studies display existence of the galactic molecular
ring (Stecker et al. 1975; Cohen & Thaddeus 1977; Roma´n-Duval
et al. 2010), however, it is unclear whether this is an actual ring or
just superposition of emission from molecular clouds belonging to
different spiral arms (Dobbs & Burkert 2012).
In this paper we develop a model aiming to reproduce general
characteristics of the formation of molecular clouds in the Galaxy,
their physical properties, their distribution in the Milky Way using
the 3D simulations with the comprehensive gravitational potential,
self-gravity of gaseous component, molecular hydrogen chemical
kinetics and cooling and heating processes.
The paper is organized as follows. Section 2 describes basic
premises and equations of our model. Section 3 presents numerical
results on the disc evolution. Section 4 presents analysis of the
physical properties of the clouds in our model. Section 5 considers
large-scale structures in the simulated Galaxy. Section 6 summarizes
the results.
2 MO D EL
2.1 Gas dynamics and galaxy potential
The dynamics of the chemically reacting gas mixture in our model
of the Galaxy can be written in the single-fluid approximation as
follows:
∂ρ
∂t
+ ∇ · (ρu) = 0, (1)
∂ρχi
∂t
+ ∇ · (ρuχi) = ρsi, i = 1, . . . , ns, (2)
∂u
∂t
+ ∇ · (u ⊗ u) = −∇p
ρ
− ∇(ext + g), (3)
∂E
∂t
+ ∇ · ((E + p) · u) = −u · ∇(ext + g) − ( − ), (4)
where ρ is the gas density, p is the gas pressure, u = (u, v,w) is
the gas velocity vector, ns is the number of components in the gas
mixture (in our model ns = 2), χ i = ρ i/ρ is the mass fraction of
ith component of gas,
∑ns
i=1 χi = 1, si is the formation/destruction
rate of ith component, E = ρ(e + u22 ) is the total energy, e is the
specific internal energy,  and  are the cooling and heating rates,
respectively, g is the gravitational potential of gas, ext is the
total external gravitational potential produced by the massive dark
halo halo, the stellar bulge bulge and the stellar disc disc. The
latter includes the potentials of the spiral structure and the bar. The
potential of the gaseous component is determined by the Poisson
equation:
g = 4πGρ. (5)
Figure 1. The rotation curve of the gas components in our model of the
Galaxy, Vtot (thick solid line). The contributions from the stellar bulge, Vb,
the stellar disc, Vd, and the dark halo, Vh(r), are shown by dash, long dash
and thin solid lines, respectively.
The external gravitational potential can be written as follows:
ext = halo + bulge + disc. (6)
In our model we imposed a large-scale gravitation potential of
Milky Way spiral structure. Recent observational data show that
the Milky Way spiral structure is well described by the four-arm
model (Vallee 2005; Levine, Blitz & Heiles 2006). A detailed spiral
structure decomposition was made by Lepine, Mishurov & Dedikov
(2001), who had found that the Milky Way spiral structure is better
described by superposition of m = 2 and m = 4 spirals modes
which, in general, corresponds to the four-arm pattern. Hence, in
our simulations we implement combination of two- and four-arm
spiral potentials for the stellar disc. More detailed model of the
gravitational potential is described in Appendix A.
Fig. 1 presents the rotation curve of the gas components adopted
in our model of the Galaxy. For the maximum rotation velocity of
the Milky Way we adopt a value obtained from the analysis of the re-
cent observational data on the Galactic masers (Bobylev & Bajkova
2010). The external gravitational potential of the Galactic subsys-
tems, e.g. stellar bulge, stellar disc and dark halo, 	ext, produces
this rotation curve with the parameters for the Galactic subsystems
fitted by Khoperskov & Tiurina (2003). The detailed description of
the gravitational potential components is given in Appendix A.
In our calculations we use the value of the angular velocity of
the spiral structure 
p = 31 km s−1 kpc−1. This value is realized
at the radius of corotation Rc ∼ 8 kpc (Bobylev & Bajkova 2010).
Our simulations have shown that variation of 
p in the range 18–
28 km s−1 kpc−1 (Lepine et al. 2001; Amores, Lepine & Mishurov
2009; Sofue, Honma & Omodaka 2009) does not produce significant
changes in the general properties of evolution of gas in the simulated
Galaxy.
2.2 Chemical kinetics
H2 molecules in the interstellar medium are formed on the surface
of the dust grains and dissociated by ultraviolet Lyman–Werner
photons and cosmic rays. We suppose that the dust density is pro-
portional to the gas density because the dust is well mixed with
gas on the scales of our simulations. Thus, evolution of molecular
hydrogen number density can be found from (Bergin et al. 2004)
dnH2
dt
= Rgr(T )nHn − [ζH + ζdiss(NH2 , AV)]nH2 , (7)
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/article-abstract/428/3/2311/1068675 by guest on 20 July 2019
Molecular clouds formation in the MW 2313
where nH, nH2 are the number densities of atomic and molecular
hydrogen, respectively, n = nH + 2nH2 is the total number density
of hydrogen species, NH2 is the H2 column density, Rgr(T) = 2.2 ×
10−18ST0.5 is the H2 formation rate on dust grains (Tielens & Hol-
lenbach 1985), S = 0.3 is the efficiency of the H2 formation on
dust (Cazaux & Tielens 2004), ζH = 6 × 10−18 s−1 is the cosmic
ray ionization rate and AV is the extinction. Following Draine &
Bertoldi (1996) the photodissociation rate can be estimated as
ζdiss(N (H2), AV) = ζdiss(0)fshield(N (H2))fdust, (8)
where ζ diss(0) = 4.17 × 10−11 s−1 is the unshielded photodisso-
ciation rate, fshield(N(H2)) is the H2 self-shielding factor, fdust =
exp (− τ d, 1000) is the dust absorption factor (Draine & Bertoldi
1996) and τ d, 1000 = 10−21(N(H) + 2N(H2)) is the optical depth due
to dust grains at a wavelength λ = 1000 Å, which relates to the
visual extinction as τ d, 1000 = 3.74AV.
To calculate the factors fshield and fdust we need to know both
molecular, N(H2), and total, Ntot = N(HI) + 2N(H2), hydrogen
column densities. In order to do this accurately we should find a cu-
mulative ultraviolet radiation field produced by the young stars and
their clusters. Obviously, this problem is extremely complex, more-
over, star formation processes are not included in our model. Hence,
we follow a simplified approach introduced by Dobbs (2008). We
use a simple estimate that the column densities of the chemical
species are just the local densities of these species multiplied by the
typical distance to a young star, lph: N(H I,H2) = lphn(H I,H2). This
distance is assumed to be a constant length scale for the whole disc.
In our simulations we take lph = 30 pc, which is in agreement with
the number of massive stars expected from the Salpeter initial mass
function.
We assume that the Galactic gas has solar metallicity with the
abundances given in Asplund, Grevesse & Sauval (2005): [C/H] =
2.45 × 10−4, [O/H] = 4.57 × 10−4 and [Si/H] = 3.24 × 10−5.
We assume that the dust depletion factors are equal to 0.72, 0.46
and 0.2 for C, O and Si, respectively. Chemical kinetics of the
heavy elements is not solved in our model. We suppose that the
carbon and silicon are singly ionized and oxygen stays neutral. This
assumption is acceptable for the interstellar medium of the Milky
Way due to existence of the strong ultraviolet radiation in the range
∼10–13 eV (Habing 1968). The electron fraction is assumed to
have constant value of 10−5 for all considered period of time. This
level of ionization is assumed to be supported by the cosmic ray
ionization rate assumed in our calculations. For T ∼ 104 K the
ionization fraction should obviously be higher, but the shock waves
in our simulations are not strong enough to heat significant mass of
gas to the temperatures this high, which is clearly seen at the phase
diagram in the Section 3.
2.3 Cooling and heating processes
The cooling rates are computed separately for the temperatures
below and above 2 × 104 K. In the low temperature range the
cooling rate  in the energy equation (4) includes the typical pro-
cesses of radiative losses for the interstellar medium (see details in
Appendix B): cooling due to recombination and collisional exci-
tation and free–free emission of hydrogen (Cen 1992), molecular
hydrogen cooling (Galli & Palla 1998), cooling in the fine structure
and metastable transitions of carbon, oxygen and silicon (Hollen-
bach & McKee 1989), energy transfer in collisions with the dust
particles (Wolfire et al. 2003) and recombination cooling on the dust
(Bakes & Tielens 1994). In the high temperature range, T > 2 ×
104 K, the cooling rate for solar metallicity is taken from Sutherland
& Dopita (1993). We note that in our calculations the gas temper-
ature is generally below 104 K, higher temperature is reached only
in small rarefied regions at the periphery of the disc.
The heating rate  in the equation (4) takes into account photo-
electric heating on the dust particles (Bakes & Tielens 1994; Wolfire
et al. 2003), heating due to H2 formation on the dust and the H2
photodissociation (Hollenbach & McKee 1979) and the ionization
heating by cosmic rays (Goldsmith et al. 1978). The details can be
found in Appendix B.
2.4 Numerical methods
To solve the system of gas dynamical equations (1)–(4) we use non-
linear finite-volume numerical scheme total variation diminishing
(TVD) Monotone Upstream-centered Schemes for Conservation
Laws (MUSCL) in the Cartesian coordinates (van Leer 1979). The
continuity equation for chemical species is constructed using the
operator splitting scheme. Note that because in our model we have
two chemical species, H I and H2, we can solve the kinetics equation
for one of them only, e.g. for H2. At first we solve the continuity
equation without right-hand terms and update the H2 density due
to advection. Than we update this result after solution of chemical
reactions. The equation for H2 (equation 7) is integrated using a
fourth-order Runge–Kutta method. To find the gravitational poten-
tial of the gas (equation 5) we use the TREECODE method (Barnes &
Hut 1986).
The numerical resolution is 4096 × 4096 × 20 cells. The cells
are assumed to be cubic with the sides of 7.3 pc. Therefore, the
physical size of the computational grid is 30 × 30 × 0.15 kpc.
We also made calculations with higher resolution in the vertical
direction, but lower in the disc plane direction, e.g. 1024 × 1024 ×
100, and did not find significant difference in global characteristics
of gas evolution. We expect that this is sufficient to model the large-
scale dynamics of the Galactic disc and to study the formation of
the spurs and molecular clouds in the vicinity of the spiral arms.
3 D I S C E VO L U T I O N
Fig. 2 shows the surface gas density at 50, 100, 200 and 300 Myr.
At the beginning the spiral shocks are formed due to the supersonic
gas flow through the spiral gravitational potential of the stellar disc.
After t = 50 Myr one finds a well-developed spiral structure in the
gas disc (upper left-hand panel). The width of the gas spirals is
significantly smaller than that of the stellar density wave due to
higher stellar velocity dispersion. At this stage strong shear flows
are formed behind the shock fronts. This leads to fast development
of Kelvin–Helmholtz instability of shock front. Shocks become dy-
namically unstable, i.e. small-scale ripples grow or, in other words,
the shock wiggles. Owing to shear and wiggle instabilities the shock
front becomes perturbed, and as a result the spurs and fragments
are formed. Such spurs and fragments can be found at t = 50 Myr
(upper left-hand panel) and are clearly seen at t = 100 Myr (upper
right-hand panel). On one hand, higher density in such fragments
stimulates molecular hydrogen formation and, as a consequence,
efficient cooling of gas in the fragments. On the other hand, the
cooling can lead to further fragmentation. We find that the efficient
molecule formation starts at t ∼ 30–50 Myr, which corresponds to
the time-scale of molecular hydrogen formation on the dust grains.
A major part of the H2 molecules is formed in such fragments,
which are the progenitors of molecular clouds. Note that a num-
ber of fragments formed may have super-Jeans masses. So, further
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Figure 2. The evolution of the surface density of gas (g cm−2) at t = 50 (upper left), 100 (upper right), 200 (lower left) and 300 Myr (lower right). The cross
shows position of the Sun (8 kpc).
fragmentation is expected to be amplified by both thermal instability
and self-gravity.
A large number of clouds are formed as a result of further evo-
lution: a flocculent structure in the spiral arms can be clearly seen
at t = 200 Myr (lower left-hand panel of Fig. 2). In the course
of collisions the clouds can merge and form bigger ones or can
be disrupted completely. In the latter case they produce a number
of smaller clouds. The clouds moving supersonically through the
interstellar medium can be stripped due to the Kelvin–Helmholtz
instability. Though H2 molecules are formed and destroyed due
to these processes, the total mass of molecular gas in the Galaxy
increases until t ∼ 200 Myr. Then it saturates because the quasi-
stationary regime is established between the molecule formation on
dust and their destruction by the UV radiation from OB stars (lower
left-hand panel of Fig. 2). So, at t ∼ 200 Myr one finds a population
of clouds with sizes varying in the range ∼10–100 pc and typical
lifetime about 10 Myr (in the next section we analyse the properties
of the clouds in more detail).
At t = 200 Myr groups of clouds are settled along the spiral arms
(Fig. 2). During further evolution these groups become larger both
in size and mass. Gradually they stand apart from each other in the
spiral arms. Such agglomerations of clouds have sizes more than
100 pc and the distance between such associations at t = 300 Myr
reaches several hundred parsecs. The agglomerations consist of
several clouds with the typical number density 1 cm−3. The typ-
ical thermal pressure pth/kB within such clouds is about (3–10) ×
104 K cm−3 which corresponds to the temperatures T ∼ 80–100 K.
Actual values of the gas temperature are lower because consider-
able portion of the internal energy is spent on the turbulent motions.
However numerical resolution of our simulations is not high enough
to resolve the inner structure of the molecular clouds and the turbu-
lent flows. The turbulence (especially small-scale one) represents
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Figure 3. The surface gas density (g cm−2) and the velocity field (in the co-
moving coordinate system) of the ‘cloud’ with coordinates (−4.9, −4.9 kpc)
at t = 300 Myr.
a common and complex problem. At this stage we are not able to
extract the turbulent part of the internal energy.
The velocity dispersion in a gas around molecular clouds is about
3–7 km s−1 and the velocity field around clouds shows a complex
turbulent structure. To consider this we pick out a cloud with coor-
dinates (−4.9, −4.9 kpc) at t = 300 Myr. Fig. 3 shows velocity field
around such cloud. The velocities are shown in the comoving coor-
dinate system connected to the most dense part of the cloud. One
can see the irregular form of the cloud and the colliding gaseous
flows in the regions with enhanced density. The structure and phys-
ical parameters of the cloud locations obtained in our numerical
simulations are close to those observed in the GMCs and their sur-
roundings (Roma´n-Duval et al. 2010).
Thermochemical processes taken into account in our simulations
lead to formation of the two phases of the simulated gas with stable
points around ∼80 and ∼104 K (Fig. 4, see note on the value of the
Figure 4. The phase diagram of thermal pressure pth normalized by Boltz-
man’s constant (K cm−3) versus number density of gas n (cm−3) at the time
t = 300 Myr. The lines correspond to the constant temperature (see note on
the value of the temperature in the text): 10 (dashed line), 102 (solid line)
and 104 K (dash–dotted line).
temperature above). A gas with T ∼ 80 K corresponds to the dense
molecular clouds, i.e. they have both high number density (n ∼
100–300 cm−3) and high H2 molecule abundance (x(H2) ∼ 0.3–
0.5). These clouds concentrate to the spiral arms. A gas belonging
to the warmer phase with T ∼ 104 K is a rarefied atomic gas which
resides mainly between the arms.
4 T H E P H Y S I C A L P RO P E RT I E S
O F M O L E C U L A R C L O U D S
In this section we consider physical and statistical properties of the
molecular gas in our simulations. This gas resides in the clumps
which are called molecular clouds. A border of the cloud can be
defined as location where H2 abundance or H2 surface density ex-
ceeds given limit. The clouds in our analysis are delimited using
a surface density threshold: over the 2D computational grid of the
Galactic plane we find isolated groups of cells with the column
density exceeding given threshold. Such clumps normally have ir-
regular form, and their effective linear size is estimated as a square
root of their surface.
For our analysis we have chosen two values of the molecular
hydrogen surface density threshold: H2t = 1.5 × 10−5 and 1.5 ×
10−4 g cm−2. In both cases average density inside a cloud has values
about several dozen particles per cubic centimetre, which is close to
the typical value of H2 number density obtained from observations
of molecular clouds in the Galaxy (e.g. Shu et al. 1987).
We are using two thresholds for H2 surface density at the border
of the cloud in order to show that our basic conclusions on the
statistical properties of clouds are independent of exact value of the
threshold. This is important because there is no single value of H2
surface density which exactly reproduces definition of a molecular
cloud in observations.
Fig. 5 presents the distribution of masses of the clouds for the H2
surface density thresholds H2t = 1.5 × 10−5 (solid line) and 1.5 ×
10−4 g cm−2 (dash line) at t = 300 Myr.
We find that the spectra of cloud masses for both thresholds
follow the power-law dependence N ∼ M−1.64: in the mass range
M ∼ 105–106 M for the higher threshold value and in mass range
M ∼ 106–107 M for the lower density threshold. This invariance
of the spectrum on surface density limit indicates to that physical
Figure 5. Distribution of masses of the clouds for the H2 surface density
thresholds H2t = 1.5 × 10−5 (solid line) and 1.5 × 10−4 g cm−2 (dash
line) at t = 300 Myr. The line corresponds to the empirical dependence N ∼
M−1.64 obtained by Roma´n-Duval et al. (2010).
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Figure 6. Mass–size dependence for the H2 surface density thresholds

H2
t = 1.5 × 10−5 (crosses) and 1.5 × 10−4 g cm−2 (circles) at t = 300 Myr.
The lines correspond to several theoretical and empirical fits (M/M) =
γ (A/pc2)β given in Beaumont et al. (2012): (γ , β) = 240, 0.95 (Larson
1981), (γ , β) = 300, 1.5 (Elmegreen & Falgarone 1996), (γ , β) = 150, 1.3
(Roma´n-Zu´n˜iga et al. 2010) and (γ , β) = 228, 1.36 (Roma´n-Duval et al.
2010) shown by dotted, dashed, solid and dash–dotted lines, respectively.
processes leading to the formation of the structure with density
threshold H2t ∼ 10−5–10−4 g cm−2 have the same nature. Hence,
other statistical properties of the structures should be close. Note
that the dependence N(M) for the higher threshold is valid in the
same mass range as that obtained in the observations of the Galactic
molecular clouds (Roma´n-Duval et al. 2010). For both thresholds
one can see a lack of low-mass clouds. In the case of the higher
limit the lack of clouds with M  105 M can be explained by our
numerical resolution, whereas similar deficiency in the observations
comes from the incompleteness of the data (Roma´n-Duval et al.
2010). For the lower threshold the lack of clouds with M 106 M
can be explained by clustering of smaller and denser clumps. In
other words, choosing lower surface density level we pick out more
extended clusters of clumps, which contain both smaller and denser
clumps. In the case of the lower threshold we cover larger regions
with lower density, so that the increase of density limit should lead
to decrease of size of the cluster and excludes extended low-density
regions from consideration of.
Fig. 6 presents the dependence of mass of the cloud on its
size (mass–size relationship) for the H2 surface density thresholds

H2
t = 1.5 × 10−5 (crosses) and 1.5 × 10−4 g cm−2 (circles) at
t = 300 Myr. The sizes of the clouds vary between ∼10 and 60 pc
for the higher density threshold. The most massive clouds have
masses about 2 × 106 M. These values are in good agreement
with the observational data (Roma´n-Duval et al. 2010). In some
cases the sizes of molecular clouds can be as large as ∼100–200 pc
(Kirsanova et al. 2008) but these regions can be considered as a
tight group of smaller clouds. In our analysis such extended clouds
can be found under the lower density threshold (crosses in Fig. 6):
there are groups or chains of clouds seen in the periphery of the
Galaxy at 300 Myr (Fig. 2).
The mass–size (or mass–area) relationship among molecular
clouds, M ∼ R2, which is well known as Larson’s third law, ap-
pears due to cloud evolution and numerous physical processes in
the interstellar medium. Many efforts to obtain or explain this uni-
versal relation are given in Beaumont et al. (2012), who tried to
interpret the relationship in terms of the column density distribu-
tion function. However, the scatter of the empirical fits is large (see
lines in Fig. 6, note that we pick out only several fits from table
1 presented in Beaumont et al. 2012). One can see that the prop-
erties of clouds obtained in the numerical simulations are close to
the power-law relation between the radius and mass of the cloud
M = 228R2.36, which was obtained by applying a χ2 minimization
for the observed radii and masses of the Galactic molecular clouds
(Roma´n-Duval et al. 2010). There is a significant dispersion of our
simulated data around this fit. We find that our best fit of the sim-
ulated data M ∼ R2.14–2.16 (the ranges correspond different density
thresholds) is close to that obtained in observations. Note that our
fit has a power-law index close to 2 for both density thresholds
considered here.
Finally, we note that the velocity dispersion for the majority
of clouds varies in the range vt ∼ 1–2 km s−1 in our numerical
simulations, that is a good agreement with the observational data
(Roma´n-Duval et al. 2010).
Thus, we have found that the physical properties of clouds ob-
tained from our simulation are close to those observed in the Galaxy.
Our conclusions are constrained by the numerical resolution, be-
cause we can consider clouds with sizes larger than 10 pc, whereas
even the parsec-size clouds are observed (Roma´n-Duval et al. 2010).
Anyhow, our numerical results provide possibility to consider the
global properties of molecular and atomic gas in the Galaxy.
5 TH E l–v D I AG R A M
5.1 Molecular hydrogen
Large-scale distribution of molecular gas in the Galaxy can be rep-
resented using the ‘longitude–velocity’ diagram (henceforth l–v
diagram) constricted from observations of the CO(1–0) line emis-
sion (Dame et al. 2001). The CO molecule is usually used as a
tracer of molecular gas (Maloney & Black 1988) because emis-
sion of much more abundant H2 molecule cannot be observed in
the cold and warm regions. Current model of molecular kinetics
in our simulations does not provide us with possibility to calculate
abundance of CO molecule and the distribution of molecular gas
is judged from the distribution of H2. Certainly, the CO–H2 con-
version factor depends on many physical parameters (Shetty et al.
2011; Feldmann, Gnedin & Kravtsov 2012). However, there are no
doubts that the general conclusion on agreement between synthetic
and observational distributions of molecular gas in the Galaxy can
be drawn from comparison of l–v diagram for H2 molecule in the
model with CO data of Dame et al. (2001).
Fig. 7 presents the l–v diagram for molecular gas at t = 300 Myr.
The diagram is constructed for an observer located at the Sun posi-
tion (see Fig. 2). One can find the large-scale structures correspond-
ing to Perseus, Outer and Carina spiral arms. In the central part
of the diagram, l ± (30◦–40)◦, an intense and extended structure
with the strong velocity gradient that passes through the origin is
clearly seen. This structure by its location and general appearance
resembles so-called Galactic molecular ring (Stecker et al. 1975;
Cohen & Thaddeus 1977; Roma´n-Duval et al. 2010). However,
Fig. 2 shows that there is no pronounced ring of molecular material
in our simulations. In our model the structure in the molecular ring
locus of points of the l–v diagram is associated with the Galac-
tic bar and the spiral arms at ∼3–4 kpc. Thus, our results are in
agreement with conclusions on the absence of the molecular ring
drawn from the simple fitting technique (Dobbs & Burkert 2012)
and previous hydrodynamical simulations (Englmaier & Gerhard
1999; Rodriguez-Fernandez & Combes 2008; Baba, Saitoh & Wada
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Figure 7. The l–v diagram for the molecular gas at t = 300 Myr. The mass
of gas with a given (l, v) is indicated by grey-scale: from small (light grey)
to large (black) mass.
2010). Note that the previous simulations did not include molecular
chemical kinetics.
We have to note on the existence of numerous small-scale struc-
tures in the diagram. They are obviously associated with spurs,
agglomerations of clouds and individual clouds. But we make no
comment on that here because our consideration is concentrated on
the extended structures scales of which greatly exceed our numerical
resolution.
5.2 Atomic hydrogen
The atomic gas in our model is the main part of the gaseous compo-
nent of the spiral arms and its distribution traces large-scale struc-
tures in the Galaxy. Fig. 8 presents the synthetic l–v diagram for
atomic gas at t = 300 Myr. The diagram is constructed for an ob-
server located at the Sun position (see Fig. 2). The structures cor-
responding to the spiral arms are clearly seen in this figure. The
synthetic diagram does not show any prominent structure at the lo-
cus of points corresponding to the Galactic molecular ring (Fig. 8).
Results of our modelling show that the atomic gas in the simulated
Galaxy is distributed much more uniformly than the molecular gas.
The synthetic l–v diagram shows reasonably good agreement with
the observational data (see e.g. l–v diagrams in Mc Clure-Griffiths
et al. 2004; Kalberla & Dedes 2008). So, our model reproduces
main features of the observed distribution of the neutral gas in the
Galaxy.
Figure 8. The l–v diagram for the atomic gas at t = 300 Myr. The mass of
gas with a given (l, v) is indicates by grey-scale: from small (light grey) to
large (black) mass.
6 C O N C L U S I O N
In this paper we have studied formation of gas clouds in the model
of our Galaxy. The 3D simulations have taken into account molec-
ular hydrogen chemical kinetics, cooling and heating processes.
Comprehensive gravitational potential have been used. It included
contributions of self-gravitating gaseous component, stellar bulge,
two- and four-armed spiral structure, stellar disc and dark halo. We
have analysed general properties of the simulated clouds and have
compared them with statistical distributions taken from the recent
surveys of molecular clouds (Roma´n-Duval et al. 2010).
Our results can be summarized as follows:
(i) the following stages of evolutionary sequence of the molecular
cloud system formation were distinguished in our modelling: (a)
spurs and fragments (progenitors of molecular clouds) are formed
in the spiral arms due to shear and wiggle instabilities at the times
t  50 Myr; (b) numerous molecular clouds start to form after t 
50 Myr which corresponds to the time-scale of molecular hydrogen
formation on dust grains; (c) a well-developed hierarchical structure
of the clouds is formed at t ∼ 200 Myr; (d) at the moment of time
t ∼ 300 Myr the clouds agglomerate into extended associations with
sizes exceeding 100 pc while the sizes of individual clouds vary in
the range ∼10–100 pc;
(ii) the total mass of molecules in the Galaxy increases until t ∼
200 Myr, when it saturates; the major part of molecule hydrogen
is locked in molecular clouds where the H2 molecule abundance
reaches x(H2) ∼ 0.3–0.5;
(iii) the statistical dependencies, e.g. the mass spectrum of
clouds, the ‘mass–size’ relation and the velocity dispersion of
clouds, obtained in our simulations are close to those observed
in the Galaxy (Roma´n-Duval et al. 2010);
(iv) the structure is clearly seen in the Galactic molecular ring’s
locus of points on the simulated l–v diagram of molecular gas; this
structure does not correspond to a real ring of molecular gas and
likely arises due to superposition of emission from the galactic bar
and the spiral arms at ∼3–4 kpc, which supports conclusion made
by Dobbs & Burkert (2012); no prominent structure in the Galactic
molecular ring locus of points is distinguished in the simulated l–v
diagram of the H I gas.
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A P P E N D I X A : E X T E R NA L G R AV I TAT I O NA L
P OT E N T I A L M O D E L
The dark matter halo gravitational potential is taken in the quasi-
isothermal form (Begeman, Broeils & Sanders 1991):
halo = Mh
Ch
{
ln(ξ ) + arctg(ξ )
ξ
+ 1
2
ln
1 + ξ 2
ξ 2
}
, (A1)
where ξ = r/ah, Mh is the mass of the dark halo within a radius rh,
ah is the scale of the halo and Ch = ah(rh/ah − arctg(rh/ah)). In our
model we take rh = 12 kpc, ah = 6 kpc and Mh = 0.64 × 1011 M.
For the stellar bulge potential we adopt the King’s model with
the cut-off at radius rmaxb (Fridman & Khoperskov 2011):
bulge = − Mb
rCb
ln
[
r
rb
+
(
1 +
(
r
rb
)2)]
, (A2)
with the following parameters Mb = 0.092 × 1011 M, rb = 0.2 kpc,
rmaxb = 12 kpc, where
Cb = ln
(
rmaxb /rb +
√
1 + (rmaxb /rb)2
)
−
(
rmaxb /rb
)
/
(√
1 + (rmaxb /rb)2
)
.
For the three-dimensional stellar disc we take the exponential
distribution of surface density, then the stellar disc potential can be
written as follows (Binney & Tremaine 2008):
disc = πσ0zd ln (cosh (z/zd))
−πσ0rd y (I0 (y)K1 (y) − I1 (y)K0 (y)) , (A3)
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/article-abstract/428/3/2311/1068675 by guest on 20 July 2019
Molecular clouds formation in the MW 2319
where y = r2rd , σ0 =
Md
2πr2d
is the central surface density, Md = 0.4 ×
1011 M, the radial scale of disc rd = 3 kpc, the vertical scale zd =
100 pc, I0(y), K0(y), I1(y), K1(y) are the cylindrical Bessel functions
of the first and second kind, respectively.
Taking account the gravitational potentials of bar and spiral struc-
ture of stellar component we can obtain more realistic distribution
of gas in the Galaxy. Following Cox & Gomez (2002) the perturbed
potential of stellar disc ∗disc can be written in the form of superposi-
tion of potentials generated by the bar and the two- and four-armed
logarithmic spiral patterns:
∗disc = disc(1 + ε(t)arms), (A4)
where ε(t) describes the evolution of the relative amplitude of the
spiral stellar density wave. We assume a linear increase of the
amplitude ε(t < τ ) = 0.1 t/τ during τ = 220 Myr, after that time
the amplitude is constant: ε(t > τ ) = 0.1.
The relative perturbation arms is adopted in the form (Wada &
Koda 2004):
arms = κ1 cos(1)(1 + κ1)3/2
+ κ2 cos(2)(1 + κ2)3/2
+ κ4 cos(4)(1 + κ4)3/2
, (A5)
where κ1 = (r/ra1)2, κ2 = (r/ra2)2, κ4 = (r/ra4)2; ra1 = 2 kpc,
ra2 = 7 kpc and ra4 = 7 kpc are the radial scales for bar, two-
armed and four-armed spiral patterns, respectively. The functions
i are
1 = 2(ϕ − f1),
2 = 2 (ϕ − f2 − cot(i2) ln (r/r02)) ,
4 = 4 (ϕ − f4 − cot(i4) ln (r/r04)) ,
where ϕ is the azimuthal angle, f1 = f2 = f4 = 50◦ are the azimuthal
phases of bar and spiral patterns, r02 = r04 = 3.5 kpc, i2 = i4 = 18◦
are the scales and the pitch angles of two-armed and four-armed
components, respectively.
A P P E N D I X B : C O O L I N G A N D H E AT I N G
R AT E S
In this section we present the list of cooling and heating rates for
the low temperature range, T < 2 × 104 K. The main cooling pro-
cesses for the solar-metallicity gas are the hydrogen recombination
and excitation in the range of temperatures 104  T  2 × 104 K,
and emission in the fine-structure lines of C II, O I and Si II when the
temperature is T 104 K. The atomic data for the fine-structure tran-
sitions are adopted from Hollenbach & McKee (1989) and presented
in Table B1. The cooling rates in the lines are obtained by solving the
equation for the level populations in the optically thin steady-state
regime (see e.g. Hollenbach & McKee 1979). In Table B2 we sum-
marize other thermal processes which are influential for the cooling
and heating of the gas. In Table B1 we adopt the following notation:
λ is the line wavelength, Eij/kB is the excitation temperature, Aij is
the Einstein coefficient, γ eij , γ Hij are de-excitation rates due to colli-
sions with electrons and atomic hydrogen, respectively. In Table B2
we assume the following notation: n is the gas number density, Z is
the gas metallicity, nH, nH2 , ne, nH+ (ne = nH+ ), nO I, nC II, nSi II are
neutral hydrogen, molecular hydrogen, electron and proton, neutral
oxygen, singly ionized carbon, singly ionized silicon number densi-
ties, respectively; temperature of dust grains is assumed to be equal
to Td = 8 K; Doppler broadening parameter is assumed to be equal
to b = 3 km s−1; G0 denotes density of energy for incident ultraviolet
radiation in the range 6–13.6 eV normalized by the Habing (1968)
estimate of the local interstellar value (=1.6 × 10−3 erg cm−2 s−1);
kformH2 is the reaction rate of H2 formation on dust grains. 
LTE
H2 is
cooling function under assumption of the local thermal equilib-
rium (LTE), which is adopted in the form given by Hollenbach &
McKee (1979).
Table B1. Atomic data for the fine-structure transitions.
Coolant Transition λ (μm) Eij/kB (K) Aij (s−1) γ eij (cm3 s−1) γ Hij (cm3 s−1)
C II (2P1/2,2P3/2) 1→0 157.7 91.2 2.4 × 10−6 2.8 × 10−7(T/100)−0.5 8.0 × 10−10(T/100)0.07
O I (2P2,2P1,2P0) 1→0 63.1 227.7 9.0 × 10−5 1.4 × 10−8 9.2 × 10−11(T/100)0.67
2→0 44.2 326.7 1.0 × 10−10 1.4 × 10−8 4.3 × 10−11(T/100)0.8
2→1 145.6 98 1.7 × 10−5 5.0 × 10−9 1.1 × 10−10(T/100)0.44
Si II (2P1/2,2P3/2) 1→0 34.8 410 2.1 × 10−4 1.7 × 10−6(T/100)−0.5 8.0 × 10−10(T/100)−0.07
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Table B2. List of cooling and heating rates.
Process Rate (erg cm−3 s−1) Ref
Cooling
H+ recombination  = 8.7 × 10−27T 0.5
(
T
103
)−0.2
nenH+
[
1 +
(
T
106
)0.7]−1
1
H excitation  = 7.5 × 10−19 exp (− 118 348
T
)
nenH
[
1.0 +
(
T
105
)0.5]−1
1
Free–free emission  = 1.42 × 10−27T 0.5gff (T )nenH+ , gff = 0.794 64 + 0.1243log (T) 1
H2 cooling H2 =
LTEH2
1+[LTEH2 /(nH→0)]
nHnH2 , 2
(nH → 0) = log(−103 + 97.59 log T − 48.05 log T 2 + 10.80 log T 3 − 0.9032 log T 4) 3
Main metastable transitions (O I 6300 Å) = 1.4 × 10−22T 0.5 exp(−22 500/T )nenO I 4
(C II 2326 Å) = 1.22 × 10−17T 0.5 exp(−61900/T )nenC II
Gas-dust particles energy transfer  = 3.8 × 10−33T 0.5(T − Td)
[
1.0 − 0.8 exp
(
− 75
T
)] (
Z
Z
)
n2 3
Dust particle surface recombination  = 2.33 × 10−30T 0.94 ˜ψ0.74/T 0.068
(
Z
Z
)
nen, where ˜ψ = G0
√
T /0.5ne 5
Heating
Photoelectric effect  = 1.3 × 10−24G0
(
Z
Z
)
n 5, 6
 = 4.9×10−21.0+4.0×10−3 ˜ψ0.73 +
3.7×10−2(T /10000)0.7
1.0+2.0×10−4 ˜ψ
H2 formation on the dust  = 7.16 × 10−12kformH2 n nH
(
n
n+ncr
)
3
ncr = 106T −0.5
1.6(nH/n) exp
(
− 400T
)2 + 1.4(nH2/n) exp
(
− 12 000
T+1200
)
kformH2 = 3 × 10−18T 0.5
[
1 + 0.04(T + Td)0.5 + 2 × 10−3T + 8 × 10−6T 2
]−1 3
× [1 + 104exp ( − 600/Td)]−1 cm3 s−1
H2 photodissociation and UV pumping  = ζdiss(N (H2), AV)nH2
[
6.4 × 10−13 + 2.7 × 10−11
(
n
n+ncr
)]
3
see equation (8) for ζ diss(NH2, AV)
fshield(N (H2)) = 0.965(1+x/b5)2 +
0.035
(1+x)0.5 exp
[−8.5 × 10−4(1 + x)1/2], 7
x = NH2/5 × 1014 cm−2, b5 = b/105 cm s−1
Cosmic ray ionization  = 3.2 × 10−11ξ totn, where ξtot = (ξHnH + ξH2nH2 )/n, ζH = 6 × 10−18 s−1, ζH2 = 2ζH 8
References: 1 – Cen (1992); 2 – Galli & Palla (1998); 3 – Hollenbach & McKee (1979); 4 – Hollenbach & McKee (1989); 5 – Wolfire et al.
(2003); 6 – Bakes & Tielens (1994); 7 – Draine & Bertoldi (1996); 8 – Goldsmith et al. (1978).
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